The solvation of protonated methanol by carbon dioxide has been studied via a cluster model. Quantum chemical calculations of the H + (CH 3 OH)(CO 2 ) n (n=1−7) clusters indicate that the first solvation shell of the OH groups is completed at n=3 or 4. Besides hydrogenbond interaction, the C CO2 · · · O CO2 intermolecular interaction is also responsible for the stabilization of the larger clusters. The transfer of the proton from methanol onto CO 2 with the formation of the OCOH + moiety might be unfavorable in the early stage of solvation process. Simulated IR spectra reveal that vibrational frequencies of free O−H stretching, hydrogen-bonded O−H stretching, and O−C−O stretching of CO 2 unit afford the sensitive probe for exploring the solvation of protonated methanol by carbon dioxide. IR spectra for the H + (CH 3 OH)(CO 2 ) n (n=1−7) clusters could be readily measured by the infrared photodissociation technique and thus provide useful information for the understanding of solvation processes.
I. INTRODUCTION
The study on the hydrogen-bonded (H-bonded) clusters is of fundamental importance in many physical, chemical, atmospheric, and biological sciences in that the nature of these intermolecular interactions and cooperativity effects in larger assemblies govern the aerosol formation and atmospheric nucleation, the hydration of solutes in aqueous solution, and the threedimensional structures of proteins and nucleic bases [1] . Microhydration studies provide detailed energetic and structural information that is difficult to extract from measurement of bulk solutions. Considerable interest has been focused on water cluster due to the vital role it plays in many biological and physicochemical processes [2] . Since carbon dioxide is one of the major greenhouse gases and plays a significant role in global warming, both theoretical and experimental investigations on CO 2 clusters have received substantial attention during the last two decades [3−8] .
Many efforts have been made to address the structure † Dedicated to Professor Qing-shi Zhu on the occasion of his 70th birthday.
‡ These authors contributed equally to this work. * Author to whom correspondence should be addressed. E-mail: ljiang@dicp.ac.cn and the energetics of mixed H 2 O-CO 2 clusters [3, 4, 7, 9−12] . For instance, infrared photodissociation (IRPD) spectroscopy of the anionic [(H 2 O) m (CO 2 ) n ] − (m=1, 2; n=1−4) clusters indicates that the formation of target clusters possibly involves the (H 2 O) m (CO 2 ) n +e − collisions followed by electron capture, ion-core formation, solvent migration, and evaporative cooling [10] . For the cationic clusters, time of flight mass spectroscopy of mixed H 2 O-CO 2 clusters with single photon ionization at 26.5 eV has demonstrated that the formation of the protonated H + (H 2 O) n (CO 2 ) clusters is favored at low CO 2 concentration (i.e., 5% CO 2 partial pressures), whereas the formation of the unprotonated
+ clusters is favored at high CO 2 concentration (i.e., 20% CO 2 partial pressures) [3] [7] .
Methanol is the simplest but important one used as clean liquid fuels and ideal solvents in industry, which has received increasing attention because of the presence of both polar and nonpolar moiety. Recently, tunable synchrotron vacuum ultraviolet (VUV) radiation has been used to study small methanol clusters, indicating that the protonated methanol dimer and trimer (H + (CH 3 OH) 2,3 ) are the most abundant ion at the different ionization region [13] . It has been inferred that beyond six methanol molecules, the clusters are found to behave similarly to liquid methanol [14, 15] 
II. THEORETICAL METHODS
Quantum chemical calculations are performed using Gaussian 09 program suite [16] . Initial configurations are built on the basis of the relevant structures reported in the literature. Considering that the interaction of methanol with carbon dioxide could be properly predicted by the M06-2X hybrid functional [1, 8] , which is employed for the present calculations. The aug-cc-pVDZ basis set is used for C, H, and O atoms. Tight convergence of the optimization and the selfconsistent field procedures is imposed, and an ultrafine grid is used. Relative and dissociation energies include zero-point vibrational energies. Harmonic vibrational frequencies are calculated at the same level. All reported structures are true minima without imaginary vibrational frequencies. Simulated IR spectra are derived from M06-2X/aug-cc-pVDZ harmonic vibrational frequencies and intensities. Harmonic vibrational frequencies are scaled by a factor of 0.948, which is determined by the comparison of simulated vibrational frequencies of O−C−O stretching for CO 2 unit in the [CH 3 OH(CO 2 )]
+ cluster with experimental value [12] .
IR stick spectra are convoluted by a Gaussian line shape function with a width of 10 cm −1 (FWHM).
III. RESULTS AND DISCUSSION

A. Solvation motifs and IR spectra
Several representative low-lying structures of the H + (CH 3 OH)(CO 2 ) n (n=1−7) clusters are presented in Fig.1 . The structures are labeled according to the number of CO 2 molecules and relative energies. For each cluster up to n=7, simulated IR spectra of the representative low-lying isomers are shown in Figs.2−8. Harmonic vibrational frequencies and intensities of free O−H stretching, H-bonded O−H stretching, and O−C−O stretching of CO 2 unit for the lowest-lying isomers of H + (CH 3 OH)(CO 2 ) n (n=1−7) are listed in Table I .
n=1
As illustrated in Fig.1 , CO 2 in the lowest energy isomer (labeled 1A) forms one H-bond with one OH group, leaving another OH group free. The optimization of the initial structure with oxygen atom (O CO2 ) of CO 2 coordinated to the two hydroxy hydrogen atoms (H hydroxy ) of methanol converges to isomer 1A. The 1B isomer lies 30.51 kJ/mol higher in energy, in which three H-bonds in-between and three methyl hydrogen atoms (H methyl ) of CH 3 OH are formed. In the third isomer, 1C, the proton is transferred from methanol onto CO 2 , forming the OCOH + moiety. This isomer lies 127.60 kJ/mol above 1A. Isomer 1C consists of two H-bonds of O CO2 · · · H hydroxy and oxygen atom (O methanol ) of methanol with hydrogen atom (H OCOH + ) of the OCOH + moiety, and one intermolecular interaction between carbon atom (C CO2 ) of CO 2 and O methanol atom.
Three main absorption peaks are observed in 1A (Fig.2) . The frequency at 3554 cm −1 is attributed to the free O−H stretching vibration of methanol (labeled free ν OH ) ( Table I) . The frequencies at 3075 and 3068 cm −1 correspond to the H-bonded O−H stretching vibrations (labeled H-bonded ν OH ), which converge to one peak in the convoluted spectrum. The peak at 2343 cm −1 belongs to the O−C−O stretching vibration for CO 2 unit (labeled ν OCO (CO 2 )). Since two OH groups in 1B are free, two peaks at 3570 and 3486 cm spectra of 1A and 1B suggests that these two isomers could be distinguished in the experiment.
n=2
The lowest energy isomer (labeled 2A) is a C s structure, in which the CO 2 molecules form two Hbonds with the OH groups of the H + (CH 3 OH) cation (Fig.1) . In the next energetically low-lying isomer 2B (+20 kJ/mol), the second CO In the simulated IR spectrum of 2A (Fig.3) 
n=3
The lowest energy isomer (3A) could be viewed as the derivative of 2A, in which the third CO 2 attaches to two H hydroxy atoms (Fig.1) Obvious peaks in the IR spectra of 3A, 3B, and 3D with C s symmetry are due to H-bonded ν OH and ν OCO (CO 2 ) modes (Fig.4) , in which peak positions are similar to each other except the slight difference in the calculated intensities. Remarkable splitting for the H-bonded ν OH mode in 3C is observed at 3274 and 3138 cm −1 , which is due to the broken symmetry. Two additional peaks of ν OCO (OCOH + ) and δ COH modes also appear in the proton transferred structure of 3E. Free ν OH mode is absent in all the isomers of the n=3 cluster.
n=4−7
For the n=4 cluster, the structures of 4A−4C hold the similar feature involved with the CO 2 mainly bonded to the sides of the OH groups (Fig.1) , which are almost energetically identical. The CO 2 molecules in the isomers 4D−4F solvate both OH groups and methyl. The highest-lying isomer (4G, +111.86 kJ/mol) contains the OCOH + moiety, which could be viewed as the derivative of 3E. In the low-energy structures for the n=5−7 clusters, the CO 2 molecules prefer to sol-vate the OH groups. The structures with higher symmetry (i.e., 4D, 5C, 6D, and 7F) are predicted to lie about 5−15 kJ/mol above nA. The structures with the OCOH + moiety (i.e., 5G, 6G, and 7G) still lie too high in energy among each cluster series, implying that the proton transfer might be unfavorable in the early stage of solvation process.
In the simulated IR spectra of 4A−4F (Fig.5 ), Hbonded ν OH and ν OCO (CO 2 ) modes are remarkably observed. Additional peaks of ν OCO (OCOH + ) and δ COH modes present in 4G. Free ν OH mode is absent in all the isomers of n=4. In 4A, the peaks for H-bonded ν OH mode appear at 3360 and 3127 cm −1 , which could be resolved in the experiment. The peaks for ν OCO mode in 4A−4G are centered around 2320 cm −1 . As depicted in Figs.6−8, simulated IR spectra for n=5−7 exhibit the similar fundamental modes for n=4, indicating the gradually converged solvation of protonated methanol by CO 2 (vide infra).
B. General trend
IR spectra of the lowest-lying isomers for the H + (CH 3 OH)(CO 2 ) n (n=1−7) clusters are compared in Fig.9 . The lowest dissociation energies for the loss of one CO 2 molecule, CO 2 -sovlated O−H bond lengths and Wiberg bond order of the OH moiety are summarized in Table I .
It can be seen from the aforementioned solvation motifs that the CO 2 molecules in the H + (CH 3 OH)(CO 2 ) n clusters up to n=7 prefer to bind to the OH groups of methanol rather than methyl side, even though the first solvation shell of the OH groups is completed (Table I) , supporting the above-mentioned trend of the solvation. Similar evidence could be obtained from CO 2 -sovlated O−H bond lengths and Wiberg bond order (Table I) .
IRPD spectroscopy of mass-selected complexes has emerged as a powerful tool for the structural characterization of the gas-phase species [2, 17−22] . Under readily achievable experimental conditions, absorption of single IR photon or multiple IR photons by a cluster can induce a measurable increase in the sequence, resulting in IRPD spectra that closely resemble linear absorption spectra. Compared with the conventional vibrational spectroscopy, IRPD has advantages of high selectivity, high sensitivity and being a background-free consequence technique.
Considering that free O−H stretching, H-bonded O−H stretching, and O−C−O stretching of CO 2 unit have been successfully resolved in the IRPD spectra of a series of mass-selected clusters radiated by optical parametric oscillator/optical parametric amplifier (OPO/OPA) table-top laser system or infrared free electron laser (IR-FEL) source [2, 10, 12, 22−25] , the predicted IR spectra for the H + (CH 3 OH)(CO 2 ) n (n=1−7) clusters could be readily measured by the IRPD technique and thus afford useful information for the understanding of early stage solvation of protonated methanol by carbon dioxide. 
IV. CONCLUSION
The effect of solvation on the conformation of protonated methanol, H + (CH 3 OH), has been studied by adding one CO 2 molecule at a time. Quantum chemical calculations of the [H + (CH 3 OH)(CO 2 ) n ] + (n=1−7) clusters indicate that the first solvation shell of the OH groups is completed at n=3 or 4. Besides H-bond interaction, the C CO2 · · · O CO2 intermolecular interaction is also responsible for the stabilization of the larger clusters. The transfer of the proton from methanol onto CO 2 with the formation of the OCOH + moiety might be unfavorable in the early stage of solvation process. Simulated IR spectra reveal that vibrational frequencies of free O−H stretching, H-bonded O−H stretching, and O−C−O stretching of CO 2 unit afford the sensitive probe for exploring the solvation of protonated methanol by carbon dioxide. The combination of IRPD technique and theoretical modeling thus provides a vivid physical picture about how carbon dioxide solvates the protonated methanol. 
